The effects of changing rumen osmotic pressure (OP) upon water kinetics and volatile fatty acid (VFA) absorption in the rumen of sheep were studied in two 4 x 4 Latin square experiments, each using four lambs with a rumen cannula and an abomasal catheter. In both experiments the lambs were sustained by the intragastric infusion of all nutrients (VFA, Ca, P, Mg and a buffer solution into the rumen, and casein, vitamins and trace elements into the abomasum). On experimental days, which were at least 1 week apart, drinking water and the casein infusion were withdrawn, and the ruminal OP was changed and held constant for 9.5 h, by incorporating NaCl at different concentrations in the buffer solution being infused. In Expt 1 the target OP values were 300,340,380 and 420 mosmol/kg, and in Expt 2 were 261 (no saline addition), 350, 420 and 490 mosmol/kg. Using soluble non-absorbable markers (PEG in continuous infusion and Cr-EDTA injected in pulse doses) rumen volume, liquid outflow rates, apparent water absorption through the rumen wall and VFA absorption rates were estimated at six sampling times corresponding to the 1.5 h intervals during the last 7.5 h following the change in rumen OP. Liquid outflow rate (F; ml/h) showed a significant and positive linear relationship with the rumen OP (mosmol/kg), resulting in the equation F = 1.24 OP (SE 0.096)-36.5 (SE 36.6) (v2 0.96). Similarly, water absorption rate ( W ; ml/h) was significantly affected by rumen OP, and this relationship was given by W = 395 (SE 39.9) -1.16 OP (SE 0.105) (v2 0.95), which means that for an OP of 341 mosmol/kg the net movement of water across the rumen wall would be zero, and either a net efflux or a net influx of water would be observed with lower or higher OP respectively. In Expt 2 there was a significant linear effect of OP on rumen volume (P < 0.01), with higher OP being associated with increases in rumen liquid contents of about 1040%. As rumen OP was increased there was also a decline in the absorption rate of VFA (from 232 mmol VFA/h for OP 350 to 191 mmol/h for OP 490 mosmol/kg), resulting in the accumulation of VFA (especially acetate) in the rumen and a consequent fall in rumen pH. Rumen OP seems to be important in defining water movement across the rumen wall and, hence, partitioning between absorption and outflow.
and can be important for the water distribution between the different pools in the body. The net movement of water through the rumen epithelium has been estimated using rumen pouches (Engelhardt, 1970) , using the temporally washed and isolated rumen (Engelhardt, 1970) , diverting the saliva via an oesophageal fistula in sheep fasting during the measurement period (Warner & Stacy, 1972) , and using labelled water (Faichney & Boston, 1985) . Although the net result of this flux may not be large, it can affect the fluid dilution rate in the rumen, and the partition of water loss from the rumen between absorption across the rumen wall, and outflow to the omasum and abomasum. The further effect would be on the rumen fermentation pattern, on the absorption of nutrients from the rumen and on the extent and composition of the daily flow of digesta from the reticulo-rumen. The main signal defining the transepithelial movement of water seems to be the osmotic gradient between the rumen contents and the plasma, which determines the extent and direction of the diffusion of water, and the blood flow in the rumen epithelium (Dobson et al. 1976) .
The technique of intragastric nutrition by which ruminants can be sustained for long periods on continuous infusions (Orskov er al. 1979) has the advantages that the use of soluble markers for the liquid phase of the rumen can be easier, and accurate estimates of the rumen volume and water kinetics can be obtained at several different times during the day. The infusion rates of water and nutrients are known exactly, and therefore it is possible to estimate their absorption. The variables defining rumen conditions can be manipulated, enabling one or more to be changed and held stable at a desired level for relatively long periods of time. Therefore, animals maintained by the intragastric infusion of nutrients can be appropriate models to enable study of the response of the animal when one factor is varied and controlled, without the interaction of other related factors.
The object of the work reported in the present paper was to study the effect of changing rumen osmotic pressure on the water kinetics in the rumen of sheep nourished by intragastric infusions. The variations in rumen liquid outflow, apparent water absorption and volatile fatty acid (VFA) absorption induced by the infusion of mineral salt (NaCl) at different concentrations were assessed.
M A T E R I A L S A N D M E T H O D S
Experimental design Two experiments were conducted in which the rumen osmotic pressure (OP) was altered by the infusion of NaCl into the rumen. The design used in each experiment was a 4 x 4 (four animals and four experimental periods) Latin square, in which the animals were allocated at random to experimental treatments (four different target OP values). Four lambs fitted with a rumen cannula and an abomasal catheter were used in each trial, and were maintained by the intragastric infusion of nutrients. Each experimental period consisted of one experimental day. On that particular day the rumen OP was modified and the target OP imposed and held stable at each level for 9.5 h. Meanwhile, markers for the liquid phase were dosed and samples were collected at different intervals. The animals then rested for at least 1 week before the next experimental period. The main differences between the experiments were the animals used and the treatments imposed. In Expt 1 the animals were four Suffolk cross-bred wether lambs aged about 10 months and weighing on average 34 (SE 1.1) kg live weight (LW), and the target rumen OP were 300, 340, 380 and 420 mosmol/kg. In the second experiment four Finn Dorset x Suffolk female lambs (8-10 months old and 35 (SE 0.9) kg LW) were used, and the target OP were 260, 350, 420 and 490 mosmol/kg. In treatment 260-OP (Expt 2), no NaCl was dosed or infused in the rumen, and the OP was that naturally observed when the animals were maintained at the basal level of VFA and buffer infusion.
In tragastric in fusion of nutrients Details of the management of the intragastric infusions were as described by Hovel1 et al. (1987) . After recovery from surgery, intragastric infusion of nutrients was introduced progressively during a 10-12 d adaptation period, solid food being withdrawn in the second half of this period. The lambs were kept in metabolism cages and nourished by an intraruminal infusion of a solution of VFA containing (mmol/mol total VFA) : acetate 650, propionate 250 and butyrate 100, and macro-minerals (Ca, P and Mg), with a separate intraruminal infusion of a solution of McDougall buffer, and an intra-abomasal infusion of a casein solution, sufficient to provide about 600-650 kJ as VFA, and 600-700 mg casein-N/kg LWo 7 5 daily. Vitamins were mixed into the casein solution, and microminerals dosed per abomasum daily. At the end of the experiment, lambs were inoculated with rumen fluid from a normally-fed animal, reintroduced to solid food, and fed normally.
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Experimental procedures
On experimental days the casein infusion was withdrawn, and access to drinking water was not allowed during the course of the experiment. The VFA solution as infused contained approximately 2.29 (Expt 1)-2.09 (Expt 2) mol total VFA/l (with 40 mmol CaCOJkg, 12 mmol Ca(H,PO,), . H,O/kg and 7.5 mmol MgCI,. 6H,O/kg to supply macro-minerals), and the buffer solution about 170 mmol NaHCO,,/kg, 75 mmol KHCOJkg and 25 mmol NaCl/kg. VFA solution was infused at 137 (SE 1.9) and 128 (SE 1.7) ml/h, and the buffer solution at 249 (SE 5.9) and 259 (SE 4.1) ml/h in Expts 1 and 2 respectively, giving overall infusion rates of 386 (SE 7.1) and 387 (SE 4.7) ml liquid/h (i.e. about 0.65 I/kg LW"" per d). Polyethylene glycol (PEG) was included in both rumen infusates at a concentration of 1 g/l, initiating its continuous infusion 3 d before the day the O P was manipulated, in order to have a stable level of PEG in the rumen contents. The marker used to estimate rumen volume was Cr-EDTA prepared as described by Downes & McDonald (1964) , and injected directly into the rumen via the cannula as pulse doses at each sampling time.
In order to change the rumen OP, NaCl was incorporated at different concentrations (depending on the treatment) in the buffer solution, so saline was continuously infused with the aim of getting a stable level of OP in the rumen. To raise the rumen OP as rapidly as possible, small pulse doses of NaCl solution (100 g/l) were injected during the first 3 0 4 5 min, and then occasionally during the course of the experiment as required. A solution of buffer without NaCl was kept for each animal, and the infusion tubes for the buffer were switched between solutions as required so as to keep the OP as close to the target OP as possible. Rumen OP was monitored every 5-30 min (depending on stability) to determine whether a dose of saline or a change in the NaCl infusion was required.
Before starting the salt infusion (TO), samples were taken from the rumen and the abomasal catheter. Samples were also withdrawn after 2 h (Tl) to get a first stable level of OP, and thereafter every 1.5 h (at 3.5, 5, 6.5, 8 and 9.5 h (T2ZT6) after the change in OP began). The infusion was then stopped, free access to drinking water was allowed, and the rumen contents were emptied and replaced with warm water. The pH and OP were monitored during the next 4 6 h, and the VFA and buffer infusions were resumed at low levels after 5-10 h. During the next 2 d, and depending on the recovery of each animal, the VFA and buffer infusions were increased up to the basal level of infusion.
Sampling of rumen fluid was carried out as follows. Firstly a rumen sample was taken with a syringe, then the Cr-EDTA was injected into the rumen through the cannula and the rumen contents were thoroughly mixed by pumping rumen liquid in and out with a 60 ml syringe for not less than 3 min. A second rumen sample was then withdrawn, and finally a sample of abomasal liquid was taken from the catheter normally used to infuse casein.
As the samples were collected, their pH and OP were determined. They were then centrifuged at 3000 rev./min for 15 min and the supernatant fraction was frozen at -18" and retained for subsequent analyses. In Expt 2, before freezing, the 4 ml supernatant fraction was acidified with 1 ml20 mhl-ethylbutyric acid in meta-phosphoric acid (250 g/l) and stored at 4" for subsequent VFA analysis. In Expt 1, urine samples were collected at each sampling time and their pH and OP were measured. Also in Expt 1, and at the beginning and end of each experimental period, blood samples were taken from the jugular vein and were centrifuged to determine OP and total solids composition in plasma.
A naly t ira 1 methods pH was measured directly with a pH meter and OP was determined with an osmometer based on the depression in the critical freezing point. PEG concentration was determined by the turbidity method described by Hyden (1956) , using a spectrophotometer to measure absorbance at 650 nm. Cr concentration in the rumen samples was analysed by atomic absorption spectrophotometry at a wavelength of 357.9 nm using an air-acetylene flame. VFA concentration and molar proportions were determined (only in Expt 2) by GLC with flame-ionization detector, using ethylbutyric acid as the internal standard (Ottenstein & Bartley, 1971) . Total solids composition in plasma (TS; g/kg) were measured using a TS meter (Goldberg refractometer).
Culculu i ions
Rumen liquid kinetics. Rumen volume (v, 1) was estimated as
where D (mg Cr) is the pulse dose at time t and C-and C+ (both mg Cr/l) are the ruminal concentrations of Cr at time t immediately before and after dosing respectively. In normally-fed animals C+ cannot be determined directly, because mixing is slow. However, in these animals it is easy to mix the liquid content of the rumen after dosing by repetitively removing and returning some rumen liquid using a 60 ml syringe. Indeed in a pilot trial in which we determined the Cr-EDTA both immediately after dosing, and 10 min later, we were able to detect a slight reduction in Cr-EDTA concentration, presumably due to outflow.
Fractional outflow rate (k;/h) was calculated as where I , , , (mg/h) is the rate of infusion of PEG and PEG, (mg/l) is its ruminal concentration at time t . For the average outflow rate ( F ; ml/h) between two consecutive sampling times, the ensuing relation was used (Warner & Stacy, 1968) , ~ where PEG is the average PEG concentration (mg/ml).
absorption through the rumen wall ( W ; ml/h) was estimated as
Let I (ml/h) be the rate of infusion of water in the rumen, then the apparent water flow or from the movement of water across the rumen wall. Although in animals receiving a continuous infusion of nutrients the production of saliva is presumably low, it is not possible to derive the contribution of each source to the estimated overall net inflow of liquid.
The model assumes that the rumen pool of PEG is in steady state at the time of sampling, as has been described in detail by Warner & Stacy (1968) and France et al. (1991) .
VFA absorption. As the supply of VFA to the rumen is exactly known, it is possible to estimate the VFA absorption rate ( A ; mmol/h) assuming that the VFA concentration (C,.I~7.4; mmol/ml) of the liquid leaving the rumen is the same as the mean VFA concentration of the rumen contents. Then,
where is the average VFA concentration between both sampling times.
sampling.
Statistical analysis Data were examined by ANOVA using Latin square designs, considering the sequential samples during the day as repeated observations on each experimental unit. Linear and quadratic effects of the level of OP were separated by orthogonal polynomials. In the same way, the effect of the sampling time was examined by analysis of orthogonal contrasts over time (Rowel1 & Walters, 1976) . Statistical dependence between variables was established by simple linear correlation and regression analyses.
(mmol/h) is the VFA infusion rate, F(ml/h) is the liquid outflow rate and Cl,,'.., This model also assumes that the rumen pool of VFA is in steady state at the time of
R E S U L T S
Osmotic pressure and NaCl dosing
The target OP and the OP achieved are shown in Table 1 . This table also contains the values of the OP observed before any saline dosing began. OP was held reasonably close to the targeted values in each experimental treatment and in both experiments. In Expt 2, treatment 260-OP represents the situation where no NaCl was dosed or infused, and the OP was that naturally achieved at that level of infusion with these animals. The observed OP for each treatment are given with their corresponding standard deviations which are derived from the total within-treatment variance, and were calculated from the OP recorded at the sampling times, but do not include the multiple OP measurements taken between samples when saline was dosed as necessary to achieve the desired OP. This variance never accounted for more than 8 YO of the means, and analysis of variance showed no significant differences between times or between animals (P > O.lO), so once the OP had been raised by small pulse doses the observed OP conformed reasonably to the targeted values and were held constant.
The average rate of NaCl dosing is also shown in Table 1 . The values given represent the total of that infused and that dosed directly into the rumen. The relative amount of NaCl required in the two experiments was very similar, and treatment means fitted the simple linear relationship OP (mosmol/kg) = 260 (SE 5)+ 19 (SE 0.7) NaCl (g/h) (r 0.99, n 8). It should be noted that the good agreement between experiments in the amount of NaCl necessary was in a situation where the basal rates of VFA and buffer infusion in the two experiments were almost identical (see pp. 15G157).
Water kinetics
There were no significant effects of experimental period either on the observed rumen OP or on any of the variables studied in both experiments. * TI was at 2 h, and T2 to T6 at 3.5, 5, 6.5, 8 and 9.5 h respectively after initiating the change in rumen OP. t For details of treatments, see Table 1 and pp. 154-1 56.
$ Standard errors of the means for comparisons between treatments. For comparisons between times within each treatment, SE were 0.236 and 0.208 in Expts 1 and 2 respectively.
Rumen volume. Rumen fluid volumes in both experiments, and for all sampling times, together with their overall means are shown in Table 2 . In Expt 1 there was no significant effect either of OP or time on rumen volume. There was, however, the suggestion that the higher OP values were associated with increases in rumen volume. In Expt 2 the linear effect of OP was significant ( P < O.Ol), the rumen volume being greater with higher rumen OP.
In both experiments changes in rumen volume, when these occurred, were complete by 3.5 h after initiating the change in OP (T2). In Expt 2, volumes at later times after changing OP tended to be slightly lower, with the result that the linear effect of time was statistically significant ( P < 0.01) with a negative slope. However, this slope was not statistically Within each experiment, means with unlike superscripts are significantly different ( P < 005). T1 was at 2 h, and T2 to T6 at 3.5, 5 6.5, 8 and 9.5 h respectively after initiating the change in rumen OP. t For details of treatments, see different from zero and taking the two experiments together there was no clear or consistent trend with time. The effect on rumen volume is also expressed as the change in rumen volume relative to the initial volume. Expressed in this way there was a clear tendency for the higher rumen OP to be associated with a 10-20 YO increase in rumen volume. However, the large errors meant that the differences were not always statistically significant.
Liquid outflow and water absorption. Rumen liquid outflows are shown in Table 3 , the data being expressed both as fractional and absolute outflow rates. Apparent water absorption calculated as the difference between infusion rate and outflow rate is also presented. In both experiments, increased OP was associated with greater rumen outflows when expressed as rates or as absolute flows. Despite this trend, in Expt 1 the differences between treatments in liquid outflow rate did not reach statistical significance. The linear relationship of outflow with OP was highly significant in Expt 2 ( P < 0.001). The linear effect of time after changing OP on absolute outflow was highly significant in both experiments ( P < 0.001).
However, there was also a significant treatment x time interaction in both experiments (Expt 1 P < 0.05; Expt 2 P < 0.01). For OP at 350 mosmol/kg or below, outflow changed little with time, whereas with OP above 350 mosmol/kg the change was more evident and outflows tended to increase during the day. In Expt 2 this pattern was combined with a significant quadratic effect (P < 0.001); with the higher OP, outflow reached a maximum after 6.5 h (T4).
Since water infusion rate into the rumen was constant, a similar but inverse relationship was observed in the apparent water absorption. Rumen OP significantly ( P < 0.001) affected the net movement of water across the rumen epithelium, determining both its extent and direction. So, with the lower OP values there was some net absorption of water across the rumen wall, but when OP was 340 mosmol/kg or greater, there was a net influx of water to the rumen (shown as a negative absorption) coming either from saliva flow, or * TI was at 2 h, and T2 to T6 at 3.5, 5, 6.5, 8 and 9.5 h respectively after initiating the change in rumen OP.
'r For details of treatments, see directly from the plasma across the rumen wall. The linear relationship of trans-epithelial water flux with OP was statistically significant in Expt 2 ( P < 0.001).
Ruvlzen p H Rumen pH values are given in Table 4 . In both experiments rumen pH decreased linearly (P < 0.001) as OP increased, and within each treatment a significant (P < 0.001) linear decline in rumen pH with time was observed. Although there was the suggestion of an interaction (i.e. higher OP being associated with greater decline of rumen pH with time), this did not reach statistical significance in either experiment (P > 0.05).
Expt 2. VFA concentration and rnolur proportions in the rumen
The change in rumen OP did not significantly affect ( P > 0.10) VFA concentrations in the rumen, although values tended to be higher with higher OP (Table 5) . There was no effect of time on rumen VFA concentrations (P < O.lO), any changes from the initial concentration being complete by 3.5 h after initiating the change in OP (T2). The linear effect of OP on the molar proportions of VFA approached or reached significance (P < 0.05), with a tendency for there to be higher proportions of acetic acid with lower propionic and butyric acid proportions as OP was increased. Although the interaction between treatment and time on VFA proportions was not statistically significant ( P > 0.05), the changes in VFA proportions were cumulative during the course of the experiment. The differences in VFA proportions between treatments tended to increase with time, since the increase in the proportion of acetic acid and the decrease in the proportions of propionic and butyric acids associated with the increase in OP were greater for the later sampling times after changing OP.
E.upt 2. VFA absorption The calculated VFA absorption rates are presented in Table 6 . There was a significant effect of OP on VFA absorption rate ( P < 0.05), with both a linear and a quadratic response to OP. Absorption rate was always highest at 350-0P, and for higher OP there was a linear Within each parameter, means with unlike superscripts are significantly different (P < 0.05).
* T1 was at 2 h, and T2 to T6 at 3.5, 5, 6.5, 8 and 9.5 h respectively after initiating the change in rumen OP.
t For details (Expt 2), see Table 1 and pp. 154156.
f Standard errors of the means for comparisons between treatments. For comparisons between times within each treatment, SE were 3.30 for total VFA and 6.1.4.6 and 2.1 for the molar proportions of acetic, propionic and butyric acids respectively. Means with unlike superscripts are significantly different ( P < 0.05).
Table 6. E,upt 2. The effect of'rumen osmotic pressure ( O P ; mosmollkg) on volatile fatty acid ( V F A ) absorption (mmol/h), and on the relative rates o f absorption of acetic, propionic and butyric acids (mmollmol) in sheep
* TI was at 2 h, and T2 to T6 at 3.5, 5, 6.5, 8 and 9.5 h respectively after initiating the change in ruinen OP.
t For details (Expt 2), see Table 1 and pp. 154-156. decline in the VFA absorption rate as OP was increased. The mean molar proportions of VFA absorbed are also shown, and reflect the changes in relative rumen concentrations (as the reciprocal), indicating that the relative rate of acetate absorption would decline, and those of propionate and of butyrate would increase as OP was increased. The rate of VFA absorption declined linearly with time ( P < 0.001). The interaction term of time with OP was also significant (P < 0.01), with the 350-OP and 420-OP treatments showing a clear time effect, the 260-OP remaining stable, and the 490-OP treatment remaining low throughout the experiment, with no obvious time-related effect.
Expt 1. Urine and plasma Urine pH was not affected by time or treatment. Urine OP immediately rose from values close to 375 mosmol/kg to values close to 600 mosmol/kg but there were no effects of time or treatment on the extent of this increase. Plasma samples were taken only at the beginning and end of the experiment (Expt 1). The initial average OP was 290 mosmol/kg, with a significant and linear effect of treatment on final plasma OP which increased with the amount of NaCl given (297,302,329 and 357 mosmol/kg (SE 7.2) for 300-0P, 340-0P, 380-OP and 420-OP respectively). Plasma solids showed a similar trend rising from initial values of 82.3, 83.5, 83.5 and 8443 g/kg to final values of 80.3, 83.8, 85 .3 and 90.0 g/kg (SE 1.11) for 300-0P, 340-0P, 380-OP and 420-OP respectively, reflecting the mild dehydration of the animals subjected to the higher saline doses.
DISCUSSION
Intragastric infusion and control of OP
The use of animals maintained by intragastric infusion had the advantages that the model could be kept simple, pulse dosing with marker (Cr-EDTA) with rapid mixing allowing a number of measurements of volume to be made during the day. Furthermore, the rates of entry of VFA and of exogenous water into the rumen pool could be controlled, and kept constant. In a normally-fed animal, control of the entry of VFA at a constant rate is more difficult, and any confounding effects of OP on fermentation would have been unknown. In a pilot study we changed O P by varying the amount of buffer infused, but this also affected rumen pH, and we wished as simple a model as possible and therefore chose NaCl.
Although there is evidence of Na-K interactions in water flux into and out of the rumen (e.g. Scott, 1975) , presumably these are due to differences in the flux of the ions involved and not to changes in OP affecting water flux. Warner & Stacy (1972) did not find consistent differences in rumen water kinetics with the use of different solutes to raise OP. Since the main objective of the work was to study the effect of OP on rumen liquid outflow, we decided not to include K-salts with the NaCl.
Rumen liquid kinetics
Markers and modelling. The use of non-absorbable, water-soluble or -miscible markers enables estimates of rumen fluid volume, outflow and dilution rate. A limitation to the use of this type of marker is that it is not possible to separate the contributions of water movement across the epithelium and of saliva flow to the total flux of water through the rumen.
The mathematical model used in the present study is similar to that used by Hyden (1961) and by Warner & Stacy (1968) , and has been used extensively in experiments concerned with rumen fluid dynamics. Recently, France er al. (1991) reviewed the use of different models with an emphasis on the underlying assumptions and practical limitations of each. The main limitation of the model used in this work is that it assumes that the rumen pool is in steady-state at the time of sampling and between two consecutive sampling times. This implies ideal conditions, and in practice there were differences between rumen volumes estimated at two consecutive sampling times. Therefore, a model was tested in which liquid outflow and VFA absorption were corrected for changes in the rumen pools of PEG and VFA (calculated from the pulsedosed Cr-EDTA) as observed between two consecutive sampling times, using the following equations :
where Q,, and Q,,-, are the quantities of PEG in the pool at times ti and tt-, respectively, and
where VFA,, and VFA,2-1 are the total amounts of VFA in the rumen at times t, and t,-, respectively.
This model is not restricted to steady-state conditions for it takes into account the changes in rumen volume (or VFA quantities) estimated at consecutive sampling times. However, although theoretically valid, we found it not to be suitable in practice when applied to our results. Errors in the estimation of PEG or VFA concentrations due to analytical and sampling errors were amplified in the successive steps of the model and resulted in large variability between and within animals sometimes giving outflows greater than the rumen volume, or 'negative' flows : therefore, this model was abandoned.
Rumen volume. Although differences between treatments in rumen volume were large in both experiments, the level of statistical significance of such differences was not the same in Expts 1 and 2 as a result of the high variability between animals in the values of this variable. The linear correlation coefficient between rumen volume and O P ( Table 7 ) was not very high, although there was a clear trend for rumen volume to increase when OP was higher, owing to the accumulation of water to alleviate the high OP in the rumen contents. It seems, however, that the main effect of OP is on the rate and extent at which water enters or leaves the rumen pool through the different pathways rather than on the absolute size of the rumen pool itself.
Partitioning between water outjlow and absorption. Both experiments showed a linear effect of OP on the outflow of liquid from the rumen, and since the rate of liquid infusion was very similar the results of both experiments reported here were combined, demonstrating a linear and highly significant ( P < 0.001) relationship between OP and liquid outflow (Fig. l) , in agreement with other reported observations in normally fed animals in which the addition of PEG (Harrison et u/. 1975) or mineral salts (Thomson et a/. 1978; Rogers & Davis, 1982; Hart & Polan, 1984) , or the inclusion of a high-concentrate diet (Peters er a/. 1990 ) increased both rumen fluid OP and rumen dilution rate. With our results the relationship between OP (mosmol/kg) and rumen outflow ( F ; ml/h) was given by the equation: F = 1.24 OP (SE 0.096)-36.5 (SE 36.6), r2 0.96; n 8 Similarly, water absorption from the rumen, calculated as the difference between infusion and outflow, was also well correlated with OP, and the relationship between OP (mosmol/kg) and water absorption ( W ; ml/h) was given by: w = 395 (SE 39.9)-1.16 OP (SE 0'105), r2 0.95; n 8. This equation implies that for lower OP values there is an apparent absorption of water from the rumen, and as the rumen contents become hypertonic, water movement across the rumen wall is redirected towards the rumen lumen. As Fig. 1 shows, in the range of OP used in the two experiments water absorption was mostly negative, that is there was a net flux into the rumen from the plasma. The same kind of relationship between OP and water movement through the rumen wall has been observed in studies conducted in normally fed animals fasting on experimental days (Warner & Stacy, 1972) , in rumen pouches (Engelhardt, 1970) or in the temporally isolated and washed rumen (Dobson et al. 1970; Engelhardt, 1970; Tabaru et al. 1990) . The value of 341 mosmol/kg (SE 6.82 ) when the net flux was zero is slightly above the range of 265-325 mosmol/kg suggested by Engelhardt (1970) based on work with rumen pouches, and is within the ranges observed by the same author in the temporally isolated rumen (260-340 mosmol/kg) and by Warner & Stacy (1972) in normally fed animals (295-360 mosmol/kg). Net efflux and net influx could be observed at lower and higher OP respectively, but the rumen seemed not to be very permeable to water since the net extent of the transepithelial movement of water into or out of the rumen was not very high, in agreement with previous observations (Engelhardt, 1970; Warner & Stacy, 1972) .
Our calculations assume no saliva flow, although there was probably some saliva secretion. The effect of any saliva flow on the apparent relationship between OP and actual net water flux (corrected for saliva) would be to move the intercept at zero net flux (Fig.  1) to a higher OP. For example, correction for a saliva flow of 42 ml/h (equivalent to 1 l/d), constant at all OP, would increase the OP for zero net flux to 376 mosmol/kg. Therefore, our value of 341 mosmol/kg for zero flux implies a small flow of saliva, as would be expected in animals that seldom chew or ruminate, and with their rumen contents buffered. This discussion has assumed the relationship between net water flux and OP to be linear, similar to that reported by Warner & Stacy (1972) . However, Engelhardt (1970) , using data derived from rumen pouches, suggested a relationship more sigmoid than linear, with little net flux over a range of OP close to that of plasma. Fig. 1 would suggest that our results may also have conformed to this model. Thus, rumen OP is an important factor affecting water flow into and out of the rumen. With our results it is not possible to separate both components of this flow, namely saliva secretion and exchanges across the rumen wall. However, it seems that OP per se does not affect the salivary contribution since salivary secretion rate is inversely related to plasma osmolality (Warner & Stacy, 1977; Silanikove & Tadmor, 1989; Carter & Grovum, 1990) , and the parasympathetic activity, which regulates and stimulates salivary glands, is reduced by increased osmolality of venous blood (Carr, 1984) . Therefore, the change in water flow into the rumen mediated by changes in rumen OP should mainly be due to the transfer of water across the rumen wall, and the main force governing it would be the gradient of osmolality between the rumen contents and the blood perfusing the rumen epithelium (Dobson, 1984) . Any increase in rumen OP is followed by an increase in blood OP, which seems to activate the blood flow in the ruminal mucosa affecting water movement through epithelium (Dobson et al. 1976) .
Thus, the net effect of an increasing OP is to change the partitioning of water loss from the rumen towards outflow to the omasum by reducing absorption, even to a negative absorption when OP is much above that of plasma. With the higher OP there was the suggestion that the liquid outflow rate may have reached a peak by 6.5-8 h (Table 3) . This trend, together with the fact that rumen volume tended to increase at higher OP (Table 2) , would suggest that there may be a maximal liquid outflow regulated by the reticulo-omasal orifice, which would control the amount leaving the rumen. Moir (1984) suggested that an important function of the omasum could be to 'meter' digesta flow to the abomasum, and to absorb VFA and buffer, thus acting as '...an homeostatic device in relation to gastric secretory function, and possibly as an energy-conserving mechanism for reducing the amount of gastric HCl produced'. The rumen contents of sheep nourished by intragastric infusions are entirely liquid, and yet outflow is not unconstrained as shown by the fact that rumen volume increased with OP. Similarly, we (F. D. DeB. Hovell & N. A. MacLeod, unpublished results) have noticed in the management of animals nourished by intragastric nutrition the importance of maintaining a low rumen OP to prevent the rumen becoming 'overfull' (Hovell et al. 1987) . Thus, it would seem that the omasum does in some way control the flow of digesta from the rumen possibly by means of changing the omasal orifice. A possible mechanism could be by means of osmoreceptors in the omasum acting as sensors.
Although net absorption of liquid occurs in the hypotonic rumen, as OP increases this is reduced and increasingly water leaves the rumen by passage to lower parts of the digestive tract. This water has to be absorbed post-ruminally and recycled, otherwise the animal would be dehydrated in a few hours. First, increasing the flow of digesta through the omasum, absorption of VFA and Na is increased markedly, as is omasal water absorption (Engelhardt & Hauffe, 1975; Edrise et a!. 1986 ). Second, the absorption of gut water is necessary to attenuate the rise in blood plasma osmolality and as a defence mechanism against dehydration (Silanikove & Tadmor, 1989) . If the animal does not reduce rumen OP by drinking then recycling across the rumen wall to the lumen could help to alleviate the detrimental effects of a high rumen OP. However the influx of water can damage the rumen epithelium since the high hydrostatic pressure applied to the propia mucosae produces vesicles by detaching layers of the rumen wall (Engelhardt, 1970) . We have noticed (F. D. DeB. Hovel1 & N. A. MacLeod, unpublished results) that with animals nourished by intragastric nutrition, rumen OP values in excess of 450-500 mosmol/kg can result in substantial shedding of what appears to be epithelial debris into the rumen. When this occurs the infusion rate of VFA has to be reduced for several days, since absorption appears to be inhibited. We have interpreted this in the context of a hydrostatically induced shedding as described above, and have speculated that damage to the rumen epithelium associated with the acidosis sometimes induced by feeding large amounts of starchy concentrates to normally fed animals is initiated by high OP rather than by low pH. This would support the observations of Ahrens (1967) , who added hypertonic sodium lactate to the rumen of cattle and noted damage to the epithelium.
Although the influx of water into the rumen through the rumen epithelium induced by increasing rumen OP seems not to be quantitatively very high, its direct effect on the liquid outflow rate from the rumen could have important nutritional consequences in the normally fed animal. It is possible that as the liquid outflow rate is increased more undegraded particles in the rumen contents will be washed out of the rumen, leading to a reduction in rumen fill and a resulting increase in food intake. Results reported by Ullyatt et ul. (1984) seem to confirm this assumption, while Harrison et al. (1975) have suggested that such an increase in the flow of digesta to the duodenum would increase the efficiency of microbial synthesis in the rumen, and so increase the flow of protein and starch to the duodenum.
VFA absorption
As can be seen from Table 7 , the correlation between VFA absorption and rumen OP was significant (P < 0.05), although only one-quarter of the variance (r2 0.25) could be explained by the relationship, mainly because our results seem to indicate that the VFA absorption may have been optimal when rumen OP was about 350 mosmol/kg when the net flux of water into the rumen was almost nil. However, of the total VFA infused the proportion absorbed was 0.874, 0.845, 0.794 and 0.714 (SED 0.0299) as OP was increased, indicating that the linear decline in VFA absorption was highly significant (P < 0.001).
VFA absorption was significantly ( P < 0.01) correlated with net water flux (r 0.669, n 16), and as liquid outflow increased an increasing proportion of the VFA leaving the rumen left with it. It is interesting that at the higher OP values, VFA continued to be absorbed against the hydrostatic pressure. Engelhardt & Hauffe (1975) showed VFA (plus Na and K) absorption from the omasum to be linearly related to water absorption. Water absorption was always positive unlike our observations on net flux through the rumen wall.
However, water molecules would have been passing in both directions and absorption might have been related to the true flux into the plasma. Whatever the reason, however, the effect of the net influx of water across the rumen epithelium with the higher OP values was to hinder VFA absorption in a pattern similar to that reported by Oshio & Tahata (1984) and Tabaru et at. (1990) .
The molar proportions of VFA absorbed were also affected by the change in rumen OP, with the absorption rates of propionate and butyrate increasing and that of acetate decreasing. This may have been pH related because the accumulation of VFA in the rumen tended to reduce rumen pH (Table 4) , thus favouring the absorption of the longer-chain fatty acids (Danielli el al. 1945; Stevens, 1970) .
